The balance between reactions involving free radicals and processes which ameliorate their effect plays an important role in the regulation of plant senescence. In this study a method was developed to isolate peroxisomes and mitochondria from carnation (Dianthus caryophyllus L. cv Ember) petals. Based on electron microscopy and marker enzyme levels, the proportion of peroxisomes to mitochondria increases during senescence. The superoxide dismutase (SOD) content of these fractions was examined. Mitochondria and peroxisomes were shown to contain two electrophoretically distinct SODs, a manganese-, and an ironcontaining SOD. The Mn-and Fe-SOD were found to have relative molecular weights of 75,000 and 48,000 and isoelectric points of 4.85 and 5.00, respectively. The presence of a Fe-SOD in mitochondria and peroxisomes is unique because this enzyme is usually located in chloroplasts. The activity of these two isoenzymes decreased during senescence in mitochondria but remained high in peroxisomes from senescent tissue. It is suggested that peroxisomes play a particular role in the process of senescence.
Superoxide radicals (02-) are generated in aerobic biological systems during enzymatic and nonenzymatic reduction of oxygen and can exert direct and indirect deleterious effects on living cells (14) . The production of 02-by microsomal membranes from carnation petals has been found to increase as the flower ages (10, 23) . Because the 2-radical, or its derivatives, have been found to induce membrane degradation (21, 23) , it has been suggested that 2-radicals play an important role in senescence. SOD' (EC 1.15.1.1.) is a group of metalloenzymes which catalyze the dismutation of 02-to 02 and H202 and are considered the major enzymic defense against 2-radicals (16) . The protective function provided by SODs shows age-related changes in plant tissues (25) . In carnation petals the total SOD activity has been shown to decrease during aging (12) . Three distinct classes of SOD have been described based on their prosthetic metal groups: CuZn, Mn, or Fe. The three classes can be distinguished by their 'Abbreviations: SOD, superoxide dismutase; Cu,Zn-SOD, cuprozinc-containing superoxide dismutase; Fe-SOD, iron-containing superoxide dismutase; IEF, isoelectric focusing; Mn-SOD, manganesecontaining superoxide dismutase; NBT, nitroblue tetrazolium; pI, isoelectric point; TEMED, N,N,N',N'-tetramethylethylenediamine. sensitivity to cyanide and H202. The Cu,Zn-SOD is inhibited by cyanide and H202, the Mn-SOD is insensitive both to cyanide and H202 and the Fe-SOD is insensitive to cyanide and inhibited by H202 (13) . Mn-and Cu,Zn-SODs have been found in many higher plants (25) whereas Fe-SOD, mainly present in procaryotes, has only recently been identified in some plants (1, 5, 22) .
In previous studies carried out in our laboratory the three distinct forms of SOD were identified in a crude extract of carnation petals, with each exhibiting several electrophoretical isozymes (11, 12) . These different electrophoretic forms of SOD displayed a decrease in activity during aging and this loss of activity occurred at different stages of senescence depending on the isozymes (12). These differences may be related to subcellular localization of the SOD isoforms and to the cellular decompartmentalization that results from membrane deterioration during senescence. In plants, SODs have been principally localized in mitochondria, peroxisomes, and chloroplasts (25, 28, 29) . The objective of this study was to investigate the presence of SOD activity and the identification of SOD isoforms in mitochondria and peroxisomes isolated from carnation petals at two morphological stages: preopening and withering.
MATERIALS AND METHODS Plant Material
Flowers of carnations, Dianthus caryophyllus L. cv Ember, were collected at the stage of preopening and held under the conditions as previously described (10 Tissue samples were taken from the centre (free of any green tissue) of the petals at stage 1 and 2 and fixed according to Carde (6) . Fixation included sequential treatment in glutaraldehyde, osmium tetroxide, and tannic acid followed by dehydration in ethanol and embedding in Epon 812. Ultrathin sections were stained with uranyl acetate and lead citrate and examined with an electron microscope.
Isolation of Mitochondria and Peroxisomes
A procedure using self-generated Percoll (Pharmacia Fine Chemicals) gradients was developed to simultaneously purify mitochondria and peroxisomes from petals of flowers at stage 1. The same conditions were then used for stage 2 flowers. All operations were performed at 0 to 4°C. Forty grams of petals, free of any green tissue, were cut into small strips and suspended in 200 mL of extraction medium containing 0.6 M mannitol, 20 mm MoPS buffer (pH 7.4), 5 mM cysteine, 1 mM EDTA, 0.3% BSA, and 0.6% PVP. The suspension was homogenized with a tissue homogenizer (Janke and Kunkel) for 14 s. The homogenate was filtered through four layers of cheesecloth and centrifuged at 1,000g for 20 min. The resulting supernatant was then centrifuged at 9,000g for 10 min resulting in a pellet enriched in mitochondria and peroxisomes. The pellet was resuspended in 4 to 5 mL of wash medium containing 0.4 M mannitol, 10 mm MoPS buffer (pH 7.4), 1 mm EDTA, and 0.1% BSA. One milliliter of the suspension, containing about 4 mg protein, was layered on top of a 10 mL Percoll density gradient (linear, 0-25% v/v) in a solution of 0.4 M mannitol and 10 mM MoPS buffer (pH 7.4) and centrifuged in a fixed angle rotor (330) at 50,000g for 30 min. Gradients were fractionated and enzyme activities measured in the different fractions collected (1 mL). The fractions enriched in mitochondria and peroxisomes were pooled, diluted 10 times with the wash medium, and centrifuged at 9,000g for 15 min. The resulting pellet was suspended in a small volume of wash medium and layered on top of a 10 mL Percoll density gradient (linear, 0-30% v/v). Centrifugation, fractionation, and enzyme assays were as described for the 25% Percoll gradient. Mitochondria and peroxisomes occurred in two different bands. These two bands were collected separately, diluted 10 (31) . Cyt c oxidase was determined by measuring the decrease of reduced Cyt c at 550 nm (32) . Fumarate hydratase was determined by measuring the loss of NADP at 340 nm due to the formation ofNADPH in a coupled reaction using NADP-malic enzyme (19) .
Protein was measured according to Bradford (4) using BSA as a standard with separate controls for different concentrations of Percoll because this compound interferes with protein determination.
The densities of mitochondrial and peroxisomal fractions were determined by using color-coded density marker beads (Pharmacia) in control Percoll gradients.
Total superoxide dismutase activity in peroxisomal and mitochondrial fractions was measured according to Beauchamp and Fridovich (2) based on the ability of SOD to inhibit the reduction of nitroblue tetrazolium (NBT) by O2 generated by xanthine/xanthine oxidase. One unit of SOD was defined as the amount of enzyme required to inhibit the reduction rate of NBT by 50% at 25°C (2) . SOD isoenzymes were separated by isoelectric focusing on 5% (w/v) polyacrylamide gels containing 7% Ampholines carrier ampholytes (3.5% at pH 3.5-5 and 3.5% at pH 4-6). IEF was carried out at 4°C in an Ultrophor apparatus (LKB) and samples were focused during 4 h under conditions previously described (11) . The samples (20 gL) loaded on the gel were from identical suspension volumes of the two organelles.
Mol Wt Determination
The relative mol wt of SODs was estimated by electrophoresis on polyacrylamide gradient gels (PAA 4/30 from Pharmacia) as recommended by the manufacturer. Samples were concentrated threefold and electrophoresed for 18.5 h. Mol wt standards from 30,000 to 669,000 were used. SODs were localized in the gels using the method of the NBT reduction by O2-radicals generated photochemically (2) . To assay the effect of inhibitors, gels were either stained in the presence of 1 mM KCN or were preincubated for 40 min in 50 mm potassium phosphate buffer (pH 7.8) containing 5 mm H202.
RESULTS
Electron micrographs of epidermal cells from carnation petals at the preopening stage ( chondria and peroxisomes were located in fractions 1 to 4, at an equilibrium density of 1.057 to 1.13 g mL-'. The distribution of proteins in the gradient indicated relatively high specific activities for the enzyme markers in these four fractions. These fractions were pooled, concentrated, and layered on top of a second gradient of higher concentration (0-30%) to separate mitochondria and peroxisomes. Two protein peaks appeared in this gradient (Fig. 3) corresponding to two large white bands in the tube. Cyt c oxidase and fumarate hydratase activities were located in the lower density zone, fractions 7 to 9, at a density of 1.051 to 1.063 g mL-'. Catalase activity was located in fractions 1 to 4 at a density of 1.072 to 1.10 g mL-'. A relatively high hydroxypyruvate reductase activity was located in fractions 7 to 9, which could be due to the presence of broken peroxisomes sedimenting along with the mitochondrial fractions.
Cyt c oxidase and catalase activities were measured in mitochondrial and peroxisomal fractions obtained from petals at stages 1 and 2 (Fig. 4) . A higher Cyt c oxidase activity was chondria and few peroxisomes. With senescence there was a reduction in cytoplasm which resulted in the tonoplast and plasma membrane coming into proximity (Fig. 1B ). An increase in the proportion of peroxisomes to mitochondria was also observed with senescence.
The purification of mitochondria and peroxisomes from carnation petals was carried out by using two types of Percoll gradients. The distribution of marker enzymes in the first gradient (0-25%) is shown in Figure 2 . Each of the markers displayed two peaks of activity, one in the lower density and the other in the higher density zones. The upper fractions (8- (Fig. 6) , and 75,000 and 48,000 (Fig. 7) , respectively. The mol wt of the two SODs was the same at stage 2 (results not shown).
DISCUSSION
The separation of peroxisomes and mitochondria is a difficult problem because these organelles have very similar densities. Discontinuous Percoll gradients have been used to separate peroxisomes and mitochondria from pea (28) and spinach (31) leaves. Discontinuous Percoll gradients were tested for the separation of these organelles from carnation petals but were not found to be as effective as continuous gradients (data not shown). Using continuous gradients, the densities of peroxisomes and mitochondria from carnation petals were found to be very similar to those reported for pea leaves (28) . Electron microscopy revealed that with senescence there is a decrease in the number of mitochondria and an increase in peroxisomes. This correlates with the distribution of marker enzymes for stage 1 and stage 2 flowers. Large changes in the total number of peroxisomes have also been found to occur during plant development (33) . It is noteworthy that in carnation petals the activity of catalase, considered as a marker enzyme for peroxisomes, was maximal at the withering stage (10) .
The presence of various isoenzymes of SOD in mitochondria and peroxisomes seems logical considering that both of these organelles are known producers of O2-radicals (9, 24, 30) . It is likely that SOD works in conjunction with peroxidase and catalase to prevent the formation of the highly reactive OH radical by the Haber-Weiss reaction (17) . Two SODs, a Mn-SOD and a Fe-SOD, previously identified in crude extracts from carnation petals (1 1, 12) were localized in mitochondria and peroxisomes. pl values and mol wt were found to be in a similar range to those previously reported for other higher plant SODs (3, 27, 29) . Cu,Zn-SOD, which has been found in crude extracts of carnation petals (1 1, 12) , and is widely distributed in plant cells (25, 29) was not found in the mitochondrial or peroxisomal fractions. It is possible that the Cu,Zn-SOD of carnation petals may have a chloroplastic/ plastidic and/or cytosolic location. On the other hand, the enzyme pattern of SODs was the same for mitochondria and peroxisomes. The presence of Mn-SOD in these two organelles was not surprising given that similar results have been recently reported for Pisum sativum (28) and Citrullus vulgaris leaves (29) . The presence of Fe-SOD in both mitochondria and peroxisomes from carnation petals is unique since Fe-SOD is usually considered as localized exclusively in chloroplasts (22, 27) . It is unlikely that these cellular fractions were contaminated with chloroplasts because only nonphotosynthetic tissue was used. In addition, electron microscopy revealed that this tissue was devoid of chloroplasts. However, Fe-SOD has been recently identified in loci other than chloroplasts, such as the cytoplasm of Vigna unguiculata nodules, has been suggested that Fe-SOD is a constitutive enzyme while Mn-SOD is an inducible enzyme (18) . Thus, the presence of two different types of SOD in the same organelle could be advantageous in alleviating the deleterious effects of environmental stress. During chilling injury of tomato leaves a decrease in Cu,Zn-SOD activity has been reported while Fe-SOD activity is maintained, which serves as a defense against free radicals (22) . In particular, the presence of Fe-SOD in peroxisomes may be related to how this isoenzyme is inhibited by H202 which may be in high concentrations within the peroxisome. A weak sensitivity of Fe-SOD to H202, as it was reported for green alga (20) and (or) a high protection against H202 as it was shown in carnation petals, in the form of catalase (10) , may explain the presence of Fe-SOD in peroxisomes.
The SOD activity remained high in peroxisomes from senescent tissue. This is certainly correlated to the role, at present unknown, played by these organelles in the process of senescence. One may speculate, as it was postulated by Sandalio and Del Rio (29) , that SOD could modulate the level of 02-radicals generated by peroxisomes and that this activated oxygen species might be useful for certain cellular processes, such as the mechanism of aging which requires strong oxidizing agents. It may be suggested that peroxisomes from senescent tissues are actively involved in the breakdown of fatty acids by the ,3-oxidation system, as it was reported for nonfatty plant tissues (15) . This hypothesis is supported by the increase of 1-oxidation activity recently observed in peroxisomes from senescent leaves (8) . The fact that Mn-and Fe-SOD are still active at the withering stage is certainly associated, to a great extent, to their subcellular location. Membrane degradation which occurs during senescence can result in cellular decompartmentalization which may be followed by SOD inactivation in damaged organelles. Since organelle deterioration does not appear to be synchronous, only SODs present in intact organelles can contribute to cellular protection.
